We have developed a dynamic atomic force microscopy (AFM) method based on the simultaneous excitation of the first two flexural modes of the cantilever. The instrument, called a bimodal atomic force microscope, allows us to resolve the structural components of antibodies in both monomer and pentameric forms. The instrument operates in both high and low quality factor environments, i.e., air and liquids. We show that under the same experimental conditions, bimodal AFM is more sensitive to compositional changes than amplitude modulation AFM. By using theoretical and numerical methods, we study the material contrast sensitivity as well as the forces applied on the sample during bimodal AFM operation.
Introduction
Atomic or molecular resolution images by atomic force microscopy (AFM) imply the application of forces of about 0.5 nN on top of a few atoms. Individual covalent bonds within a crystal lattice readily sustain those forces by experiencing very small displacements in the sub-angstrom range. However, the individual noncovalent bonds that hold together the tertiary structure of proteins (50-100 pN) may be broken by the AFM probe. This fact has prevented the observation of isolated biomolecules at the molecular level.
Many attempts have been made to render high resolution images of isolated proteins [1] [2] [3] [4] [5] [6] [7] [8] . Cryogenic AFM has suggested the intramolecular structure of Y-shaped IgG antibodies [5] . The low temperatures enhanced the attachment of the molecules to the flat support and increased the molecular rigidity by suppressing the thermal motion. Ultra-sharp singlewalled carbon nanotube tips (∼3 nm) have also been applied to study antibodies and DNA [2] . Operating an amplitude modulation (AM) atomic force microscope in the attractive regime has also shown the Y-shape structure of antibodies in air [4, 6] . However, the intrinsic limitations of cryo-AFM, the difficulties in fabricating ultra-sharp nanotube probes [9] , and 3 Author to whom any correspondence should be addressed. the narrow instrumental window to access the attractive regime have severely limited the evolution and impact of the above approaches.
On the other hand, molecular resolution images have been achieved by imaging crystalline or semicrystalline two-dimensional protein or lipid bilayer domains in liquids [10] [11] [12] [13] . The close packing provides a mechanism to release the force exerted by the tip into vertical and lateral elastic deformations, so the molecular shape remains unchanged during imaging. Additionally, periodic structures enable the use of averaging procedures to improve the resolution [14] .
In conventional AM-AFM experiments ( figure 1(a) ), the applied forces are usually reduced by using small free amplitudes (in order to maximize the amplitude range in which the cantilever oscillates in the attractive regime) and by working at relatively high average distances (set-point amplitude close to the free amplitude) [15] . Those conditions usually suppress compositional contrast in phase contrast images. Under the above conditions the tip-surface forces involve conservative or quasi-conservative processes which do not give rise to phase contrast in AM-AFM [16] [17] [18] . Thus, other AFM methods are needed to enhance the compositional contrast while imaging soft biological samples under low forces. Recently, several studies have proposed the use of either higher harmonics [18] [19] [20] [21] or modes [22] [23] [24] [25] to enhance the sensitivity to tip-surface interactions. In particular, theoretical modelling by Rodriguez and Garcia has shown that, in the presence of mode coupling [26] , the second mode of the cantilever is able to detect long-range attractive force variations of 10 pN. Those simulations prompted the development of a new technique, called bimodal AFM, which consists on the simultaneous excitation of the two flexural modes of the cantilever, usually the first and the second ( figure 1(b) ). This method opens two additional information channels (secondmode amplitude and phase) with respect to conventional AM-AFM operation (monomodal excitation).
Experiments performed on conjugated molecular materials and proteins have showed a substantial compositional contrast with respect to AM-AFM and phase imaging [27, 28] . Proksch has used the same method to image graphite subsurface structures in air and desoxyribonucleic acids in water [29] . Bimodal AFM imaging is also compatible with nanotomography techniques applied to polymers [30] . Stark et al have used this method to minimize the cross-talk between mechanical and electrical interactions while imaging charge patterns in electrets [31] . Other recent applications include the imaging of adsorbed protein monolayers [32] . A theoretical model [33] shows that both conservative and dissipative interactions are responsible for the material contrast observed in bimodal AFM imaging. The phase shift of the first mode is constrained by the feedback in the first-mode amplitude while several parameters of the second mode are free to map compositional changes on the surface. However, many aspects of bimodal AFM operation must be addressed. Specifically, in this contribution we analyse the potential of bimodal AFM for high resolution imaging of biomolecules in either liquids or air. We perform a comparison between tapping mode and bimodal AFM imaging of antibodies under the same applied forces. We also study which parameters of the microscope are more sensitive to detect material contrast in bimodal AFM.
Experimental set-up
The experiments were carried out in both ambient and liquids with a hybrid atomic force microscope that includes commercial components (Nanoscope IV AFM controller and a multimode base from Veeco and a home-built bimodal excitation/detection unit (bimodal unit)) [27] . The bimodal unit allow us to perform both the multifrequency excitation and the analysis of the cantilever oscillation signal. The unit provides four DC signals as outputs. These are the amplitudes and phase shifts of the first and second flexural modes, A 1 , A 2 , φ 1 , φ 2 . These signals can be introduced as external inputs to the AFM imaging software ( figure 1(c) ). The photodiode signal of the amplitude of the first mode is fed back to the control unit to perform the distance control similarly as in AM-AFM. The flexural frequencies are determined by the standard method of recording the amplitude as a function of the excitation frequency and finding the peaks. The experiments in liquids were performed in a conventional fluid cell.
Materials and methods
We used both commercial and specially tailored cantilevers (NanoWorld, Germany) for bimodal AFM operation in air. The commercial cantilevers have force constant values of k = 6-10 N m −1 and first-mode and second-mode flexural frequencies f 1 = 110-120 kHz and f 2 = 650-700 kHz. The tailored cantilevers were designed to enhance the response of the second eigenmode ( figure 2(a) ). For imaging in liquids, we used Olympus OMCL-RC800PSA cantilevers with nominal spring constant of 0.39 N m −1 . The cantilever spring constant for the commercial cantilevers was determined by using Sader's formula [34] , while the bimodal cantilevers were calibrated by the thermal noise spectrum method [35, 36] .
The cantilever was mechanically excited by a piezo-actuator attached to the cantilever chip holder.
The photodiode sensitivity was first calibrated for contact mode and then recalibrated for first and second modes by considering the angle at the cantilever end with a continuous model [37] . This procedure is not valid for the tailored cantilevers because those cantilevers do not have a uniform geometry as it is assumed in the model (rectangular cantilevers). We obtained calibration values of 95 and 28 nm V −1 for the first and second modes. Antibodies were deposited over a freshly cleaved piece of mica. They were prepared from a concentrated solution and diluted 1:100-1:1000 times until a homogeneous deposition of antibodies over the mica was achieved. The antibodies were purchased from Sigma Aldrich (I8260 or A6029 for IgG or IgM, respectively).
Antibodies are proteins that have well-defined structures and binding sites. Those properties make them good candidates to test the sensitivity and resolution of AFM methods [1] [2] [3] [4] [5] . We have imaged antibodies in monomer and pentameric forms. IgG is a Y-shaped protein that consists of four polypeptide chains arranged in three fragments, one Fc receptor and two identical Fab antigen-binding sites. The van der Waals length of each fragment is about 6 nm. IgM has five Y-shaped monomers (inset of figure 4(b)), each of them having one Fc and two Fab fragments. Additionally, there is a small polypeptide chain (J-chain) that joins two consecutive Fc fragments.
Theoretical model
Theoretical simulations have contributed to the understanding of the cantilever-tip dynamics under the presence of tipsurface forces [4, 19, 26, [38] [39] [40] . Here we simulate bimodal AFM by solving the Euler-Bernoulli equation for a onedimensional beam that interacts with a surface and is externally excited at its first two eigenfrequencies [26, 41] :
where x is the spatial coordinate along the beam, E the cantilever Young's modulus, I the area moment of inertia, a 1 the internal damping coefficient, ρ the mass density, b the width, h the height, and L the length of the rectangular cantilever; a 0 is the hydrodynamic damping. Finally, w(x, t) is the time-dependent transverse displacement of the cantilever. The excitation force under bimodal operation is F exc (t) = F 1 cos ω 1 t + F 2 cos ω 2 t, with ω 1 and ω 2 the normal bending frequencies and F 1 and F 2 the corresponding driving forces. The model considers long-range attractive conservative forces between the tip and the surface, modelled by the van der Waals expression [42] 
where H is the Hamaker constant related to the sample free surface energy and R the effective tip radius. The 
Experimental results

Tailored cantilevers for bimodal AFM operation in air
We have designed several cantilevers to enhance the response of the second flexural mode ( figure 2(a) ). The amplitude ratio of the different flexural modes can be modified by redistributing the mass along the cantilever length. Figure 2 (b) shows a comparison of the frequency spectra of rectangular and tailored cantilevers. We compared the average values of the driving force (monomodal excitation) required to obtain a given value of the oscillation amplitude of the second flexural mode oscillation; here we set the target output of 1 V (table 1) . For cantilevers II, III and IV, the driving force required to reach the target output was 30-40 mV. For cantilevers I and V, a driving force of 10 mV was required to reach the target. In fact, cantilevers I and V were so sensitive that it was very hard to take images with them, because a change of 1 mV in the driving force produced amplitude changes of 100 mV. This would make it almost impossible to control the amplitude of the second mode in the required range of 0.2-1.4 nm. On the other hand, the response of cantilevers II, III and IV did not show any appreciable differences with respect to those available commercially. This could be due to the fact that the quality factor of the second flexural mode is very high for both of them (800-1000).
Comparison between amplitude modulation and bimodal AFM phase images
To compare amplitude modulation and bimodal AFM phase images under the same conditions we have taken images of the same IgG antibodies deposited on mica and with the same cantilever. Figures 3(a) and (b) shows the tapping mode AFM images (AM-AFM) and figures 3(d)-(f) the bimodal AFM images. In the comparison, we used identical values for the free amplitude of the first mode A 01 and for the same set-point amplitude; those values were respectively A 01 = 22 nm and The topography images given by both AM-AFM and bimodal AFM reveal featureless objects on the mica surface (figures 3(a) and (d)).
Furthermore, the phase image corresponding to the first mode does not reveal any kind of contrast between the protein and the mica surface (figures 3(b) and (e)). The lack of contrast in the above phase images is due to the imaging conditions that were chosen to minimize the tip-antibody forces. This was achieved by using set-point values very close to the free amplitude. Consequently, the imaging was dominated by conservative tip-molecule forces. As was stated previously, conservative forces do not give rise to material contrast in the phase images of the first mode.
On the other hand, the phase image of the second mode does reveal three structures that could be easily linked to the three fragments of the IgG antibody ( figure 3(f) ). The phase image resolves the three lobes of the structure with a separation between peak lobes of 7.1 and 7.8 nm. antibody 1 and antibody 2). The topography ( figure 4(a) ) of antibody 1 shows the characteristic three lobes of IgG (see the inset for an scheme of IgG), while antibody 2 just shows a triangular shape. In contrast, the bimodal AFM phase image ( figure 4(b) ) resolves the three fragments of the molecule for both antibodies. In order to make a detailed comparison, topographic and bimodal AFM phase cross-sections are plotted for each antibody ( figures 5(a)-(d) ). The comparison shows that for both antibodies the bimodal AFM phase image gives better lateral resolution than the corresponding topographic image.
Bimodal AFM imaging of antibodies in air
The four Fab fragments (two per antibody) give very similar phase values (3.8
• -4.2 • ). However, we obtain a noticeable difference between the phase shift values of the Fc fragments (∼1.2
• ). The difference could be attributed to small differences between the morphologies of the Fc fragments upon deposition. This interpretation is consistent with the differences observed in the apparent lengths of antibodies 1 and 2. So the differences in topographic lateral dimensions could be explained.
Bimodal AFM phase images reveal the monomer components of individual IgM antibodies deposited on mica (figure 6). We observe that the lateral size of the antibodies as measured from the AFM image is slightly larger than the nominal values (35 nm versus 25 nm). This broadening could be a convolution effect originated by the tip's finite size.
The above images were obtained with a cantilever spring constant of 8.7 N m −1 , and free amplitude values for the first and second modes of A 01 = 21.4 nm and A 02 = 0.4 nm, respectively. The set-point amplitude was A sp = 20.1 nm.
Bimodal AFM imaging of antibodies in liquids
In conventional AFM fluid cells the mechanical excitation drives the cantilever, the fluid, and the fluid cell. The resulting frequency spectrum shows many peaks that bury the genuine cantilever resonances. This forest of peaks phenomenon [43] is shown in the inset of figure 7(a). It is difficult to conclude which of these peaks is closer to the true resonances of the cantilever. To determine the cantilever's eigenmodes in fluids we measured the thermal noise spectrum. In this way, the first and second flexural modes (arrows in the inset of figure 7(a)) are found at 22.49 kHz and 146.98 kHz, respectively.
For imaging IgM antibodies we have used a first-mode free amplitude of A 01 = 9.1 nm and a second-mode free amplitude of A 02 = 1.9 nm. The set-point amplitude was 6.0 nm. Figure 7(a) shows the bimodal AFM phase image of IgM antibodies in water. We can see some individual antibodies (marked by circles) as well as multiple aggregates and smaller objects that could be single separate monomers. Figures 7(b)-(d) show a comparison of the topography, first-mode phase and second-mode phase images of another individual IgM. The topography and first-mode phase images do not resolve the inner structure of the protein; however, the phase image of the second mode does distinguish the different monomers and the overall pentameric shape of the antibody. The apparent lateral size of the pentamers as given by the AFM image is 37 nm.
Simulations of bimodal AFM dynamics
The numerical simulations were performed for a cantilever with length L, width b, and thickness h of 225 μm, 40 μm, and 1.8 μm, respectively. The Young's modulus and mass density were respectively 170 GPa and 2320 kg m 
Material contrast sensitivity in bimodal AFM operation
To analyse the sensitivity of bimodal AFM operation to detect compositional changes we represent the differences in the microscope parameters (A 2 , φ 1 , φ 2 ) (see figure 8 ) against the set-point amplitude A 1 ( figure 9 ). The material contrast is defined as the difference observed in any of the microscope parameters for two Hamaker constant values at a given set-point amplitude. The dashed lines are the experimental noise measured in our experimental set-up. As was predicted [26] , φ 1 shows no material contrast above the noise level because of the absence of dissipation in the tipsurface forces ( figure 9(a) ). The small contrast is attributed to numerical errors in the simulations. On the other hand, the parameters of the second mode do show material contrast well above the noise level [26, 33] . Figures 9(b) and (c) show a maximum in the contrast at intermediate set-point amplitudes. Consequently, those set-point values define the optimal conditions for material contrast imaging. The value of that signal to noise ratio (SNR) is about 200 for φ 2 and 3.6 for A 2 .
The origin of the material contrast observed in bimodal AFM operation is due to the ability to detect conservative and nonconservative interactions. In contrast, conservative forces in AM-AFM do not give material contrast in the phase shift signal because of the restrictions imposed by the feedback mechanism [33] .
As in regular tapping mode AFM operation, the nonlinear nature of the interaction makes the determination of the sample's Young's modulus or Hamaker constant from the experimental parameters hard. That is the reason why numerical calculations are widely used to simulate the tipsurface dynamics in theoretical AFM analyses [44] .
To compare the material contrast obtained in amplitude and phase shifts A 2 and φ 2 , we normalized the maximum contrast obtained in figures 9(b) and (c) to their respective ranges of variation (A 02 = 0.6 nm for A 2 and 90
• for φ 2 ) resulting A 2,max /0.6 nm = 0.14 and φ 2,max /90 • = 0.11. The comparison reveals a similar sensitivity for both parameters. However, the changes observed in the amplitude 0.08 nm are very close to the noise level (∼0.04 nm). The above does not occur for the phase shift variations.
Figures 9(d) and (e) show A 2 and φ 2 images of a silicon sample covered by sexythiophene molecules. We can distinguish the same features in both images, thus revealing that the compositional sensitivity is similar in both channels. In order to check the contrast of the two images, a profile (dashed line in figures 9(d) and (e)) is depicted. In figure 9 (f) the A 2 image gives a positive contrast of 0.2 nm, while the φ 2 image gives a negative contrast of 9.1
• . The experimental conditions were k = 8.5 N m −1 , A 01 = 18.1 nm, A 02 = 1.8 nm with A sp /A 01 = 95%.
Estimation of the force applied on the sample surface
Unlike in static AFM, direct measurements of the forces applied on the sample surface are not possible in dynamic AFM. However, there are several methods to reconstruct the value of the interaction from dynamic force curves, i.e., amplitude and phase shift versus distance curves in AM-AFM and frequency shift versus distance in frequency modulation-AFM [45] [46] [47] [48] [49] [50] [51] [52] . The rationale for most of the above methods relies on inverting the integral equation deduced from Newton's second law by averaging over one period of oscillation. In the integral equations the interaction force appears multiplied by the instantaneous tip deflection or its higher derivatives. This makes it hard to extract the force as a function of the experimental parameters. We remark that the above methods have assumed a point-mass model for the cantilever; as a consequence, all modes of the cantilever higher than the fundamental have been neglected. This seems to be a reasonable approximation in bimodal AFM because A 02 /A 01 1. Here, we apply the method developed by Hölscher in [49] . This method extracts the force at the minimum tip-surface distance from both the amplitude and phase shift curves. In this case we choose A 1 and φ 1 as the tapping amplitude and phase values, respectively, since we neglect the second-mode tip-surface dynamics. According to Hölscher's formula, the maximum force calculated at resonance as the force at the minimum distance, d min , is
where F 1 = k 1 A 01 /Q 1 is the first-mode driving force (k 1 and Q 1 are the spring constant and quality factor for the first mode, respectively). The values for z in the numerical integration of equation (4) have to be taken from the corresponding amplitude and phase shift dynamic force curves, at the minimum distance, d min = z c − A 1 . Figure 10 (a) shows the minimum tip-surface distance as calculated by numerical simulations for both bimodal and monomodal (conventional) excitation methods. The tipsurface distance hardly changes with the introduction of the bimodal excitation. Consequently, the maximum force per oscillation will hardly change by introducing the second-mode excitation. This in turn supports the use of algorithms based on point-mass models to reconstruct the force in bimodal AFM operation. The reconstructed force lies below 120 pN ( figure 10(b) ). The force varies from 0 (no interaction) to a maximum of 120 pN. Most of the experimental data shown here were acquired at an amplitude ratio A 1 /A 01 = 0.95 (black cross), which gives a maximum force below 100 pN.
Summary
We have presented a dynamic force microscopy method based on the simultaneous excitation of the first two flexural modes of the cantilever. The performance and the potential of the instrument for biology applications has been characterized by imaging isolated antibodies in air and water. The instrument resolves the Fc and Fab fragments in single antibodies as well as the individual monomers in pentameric antibodies. We have also compared the compositional sensitivity and spatial resolution of amplitude modulation and bimodal AFM methods. Under experimental conditions aimed at minimizing the tip-surface forces, bimodal AFM phase images show higher compositional contrast and spatial resolution than amplitude modulation AFM topography and phase images.
One of the advantages of bimodal AFM is that it makes compatible high resolution imaging of isolated biomolecules under very low forces. Routine bimodal AFM imaging can be performed by applying maximum forces below 100 pN. The force exerted by the tip on the biomolecule has been estimated by using theoretical methods.
We have also characterized the sensitivity of the different bimodal AFM parameters to detect material contrast. The phase shift of the second flexural mode is the parameter that gives the highest material contrast.
